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INTRODUCTION 

This report describes the development of a robotic gripper. Its function is 
to grasp and securely hold 6-inch-diameter (155-mm) projectiles and 6.25-inch- 
diameter modular propelling charges longitudinally about their center of gravity 
as they are moved through any orientation. 

The gripper and its robotic arm are part of the Integrated Smart Artillery 
Synthesis (ISAS) project presently under development and will be installed in a 
modified M109 self-propelled howitzer (fig. 1). The robot transports the pro- 
jectiles and charges from different locations within the howitzer and places them 
on an autoloader tray. 

Most robotic systems which transport heavy loads keep them in an orientation 
parallel to the plane of the earth while permitting movement perpendicular to 
that plane (fig. 2). Several types of grippers are used to accomplish this 
task. One uses magnetic force; another employs pneumatic suction; a third uti- 
lizes mechanical force. A mechanical gripper may be hydraulically, pneumati- 
cally, or electrically powered. 

Occasionally heavy loads must be moved through a variety of orientations. 
Generally, such loads are supported by bracing as shown in figure 3. Bracing 
permits rotation of up to 180 degrees out of a fixed plane of motion. An alter- 
native method is to mechanically grasp the load with sufficient force to hold it 
securely in any plane. A third method makes use of a fixed frame containing an 
inflatable seal. When the seal is expanded, hydrostatic pressure holds the load 
in place. 

DESIGN SPECIFICATIONS 

There are numerous specifications which the gripper must meet. For example, 
it must operate in a temperature range of 0 to 125°F.  It must be weatherproof, 
but not necessarily waterproof.   It must also be capable of operating in 
environments containing high levels of dust and dirt. 

The maximum size of the gripper is determined by the space envelope avail- 
able. The projectile rack configuration is such that a gripper may not be more 
than 9 inches wide. The gripper will partially encircle a projectile at its 
center of gravity in the area between the rotating bands and the bourrelet (fig. 
4). The length of the gripper (distance from the outer edge of one finger to the 
outer edge of the other) may not exceed 8 inches. 

For determining the gripper's height profile, the working area can be 
divided into two parts; that above the centerline of the projectile and that 
below the centerline. Dimensions above the centerline of the projectile are 
governed by the configuration of the robot. A representation of the robot in its 
flexed position holding a projectile is shown in figure 4. The gripper illus- 
trated is an early concept.  The projectile's centerline must be approximately 15 



inches below the robot's lower joint to avoid interference. The design parameter 
is such that the gripper must fit between the middle section of the robot arm and 
the projectile when the robot is in this configuration. 

The gripper will weigh approximately 30 pounds. It will be hydraulically 
powered by a system developing 2,000 psi operating pressure. The gripper must 
have sufficient holding force to permit transporting projectiles and charges in 
any attitude. The length of the robot arm may not exceed 43 Inches. The robot's 
rotating joints will have a maximum angular velocity of 90 degrees per second. 
The x-y gantry to which the robot is attached will have a maximum traversing 
speed of 15 inches per second in both the x and y directions. The robot must be 
capable of stopping in 0.1 second. These specifications are used to calculate 
holding force requirements. 

The gripper must also contain a feature which will operate a latch to 
release projectiles and charges from their racks. The exact psoition of the 
latches on the racks will be determined during the gripper's final design. 

GRIPPER CONCEPTS 

Prior to development of the gripper concepts, known types were studied. 
Magnetic grippers were ruled out because the propelling charges they would be 
transporting are nonmagnetic. Pneumatic grippers were rejected because the 
available power source is hydraulic. A product search was conducted but no suit- 
able gripper was found. Results of this investigation are described in appendix 
A. 

In view of the nonavailability of a commercial product, an in-house concept 
study was initiated.  Four design approaches were used. 

The first design is shown in figure 5. This gripper consists of two U- 
shaped members, each containing three pistons. After the gripper is placed 
around the load, hydraulic pressure is applied to the pistons. The relative 
displacement of each piston is then measured and the robot automatically corrects 
its position to center the load. Once the load is centered, two valves are auto- 
matically closed to fix each piston in position. The accuracy of the robot when 
grasping its load is not critical because the gripper contains a positioning 
feedback system. This concept is easy to maintain since the readily accessible 
pistons are its only repair parts. 

There are, however, disadvantages to this design. The position sensors 
required for the feedback system are costly. The pressure exerted upon the pro- 
jectiles and charges is high, since the contact area is small. The gripper's 
required thickness, as determined by piston expansion, would probably exceed the 
desired space envelope. Also, in this application the force reactions on each 
piston are unusual in that they are not parallel to the piston's stroke. There- 
fore, the pistons will probably not be available as off-the-shelf items. 



The second concept is shown in figure 6. This configuration is similar to 
the first concept but uses hydraulically Inflatable gaskets in lieu of pistons. 
In this application, the shape of the gaskets is critical. If not properly 
shaped, they will permit the load to shift downward. When this occurs, fluid 
will flow through the gaskets causing them to expand above the centerline of the 
load. This will result in dropping the load. Presray Corporation fabricates 
inflatable gaskets which are capable of exerting the required force. They are 
also compatible with MIL-H-6083 hydraulic fluid. These gaskets, however, do not 
possess the shear strength required to hold the load. 

The third concept, shown in figure 7, was devised following a study of 
available hydraulic actuators. Because hydraulics are usually associated with 
large items, most off-the-shelf actuators are too big or too heavy. However, 
Bimba Manufacturing Company makes a hydraulic cylinder 0.625 inch in diameter and 
5 inches long with a 4-inch stroke. In this concept, when the cylinder is 
actuated, link two slides along the ground link, closing link three. As in the 
previous concepts, two gripper assemblies are required. This mechanism's 
greatest attribute is that it uses an off-the-shelf actuator; however, it 
requires a large space envelope. 

The fourth concept evolved from the third concept. It was recognized that 
if link two of the third concept (fig. 7) were reshaped and driven from the slid- 
ing point, it would result in a more compact, efficient design. This fourth 
concept (fig. 8) requires the use of a different type actuator. A rotary actu- 
ator driving a cam was evaluated and discarded as being too heavy. However, the 
mechanism could also be driven by a linear actuator. Research has revealed that 
Fabco-Air, Inc. manufactures such an actuator. This company offers a line of 
pneumatic short-stroke "pancake" cylinders which could be used with low pressure 
hydraulics (under 500 psi nonshock). 

Since the fourth concept appeared feasible, it was chosen for development. 

GENERAL DESIGN OF DEVELOPED CONCEPT 

Of the concepts previously described, the fourth was developed by computer 
program to determine the link lengths that would fit within the space envelope. 
The analysis, the program, and the program's output are described in appendix B. 

As shown in appendix B, figure B-1 , the distance between the center line of 
the mechanism and the lower left-hand pin (R) was varied from 3.3 inches to 4.5 
inches in 0.1-inch increments. The distance between the center pivot point and 
the low end of the piston's stroke (S) was varied from 0.3-inch to 1.5 inches in 
0.1-inch increments. The distance between the center line of the mechanism and 
the low end of the piston's stroke (D) was varied from 4 inches to 5.3 inches in 
0.1-inch increments. The transmission angle (0) of the closed linkage was fixed 
at 95 degrees. The initial transmission angle was varied from 121 degrees to 135 
degrees in 1-degree increments. The longitudinal distance between the center 
line of the projectile and lower left-hand (Y) was fixed at 1 inch. 



It was found that the space claim of this design did not exceed the space 
envelope.  The program checked 35,490 linkages and found 195 desirable linkages. 

Trends were studied, layout drawings were prepared, and a new generalized 
shape was conceived (fig. 9).  This gripper appears to meet the design criteria. 

GMPPING FORCE 

The gripper must overcome dynamic as well as static loads. These forces may 
be additive and cause the load to slip from the gripper. Therefore, the normal 
force (N) produced by the gripper must be sufficient to overcome slipping. 

The robot arm's most critical orientation is illustrated in figure 10. In 
this instance, the robot is stopped while in full swing. The linear impulse, 
caused by stopping the arm, and the weight of the projectile are additive. (The 
angular impulse resulting from stopping the rotation of the projectile is compar- 
atively small and is ignored.) 

The linear impulse (F^) can be approximated by the following relationship: 

V.   - V    w 
.      1            o 

i t         g (1) 

where 

V^  = Initial velocity of projectile (in./sec) 

VQ = Final velocity of projectile (in./sec) 

W = Weight of projectile (lb) 

t = Change in time (sec) 

g  = Gravitational constant = 386.4 (in./sec^) 

The initial velocity is the cross product of the angular velocity (o)) of the 
robot arm with the distance (r) between the center of the arm's rotation and the 
center line of the projectile. Since the impulse force vector and the load 
vector are in the same direction, vector notation is dropped. When it is known 
that the maximum angular velocity of the arm is Tr/2 rad/sec, and the distance (r) 
is 48 inches, initial velocity can be calculated as 

V. = CO r (2) 

V. = [f^^) (48.0 in.) 
1   ^2 sec^ 



V. = 73.4 In./sec 
1 

Since the final 'o is zero, V is zero. The weight of the heaviest projec- 
tile is 103.4 pounds. The robot must stop within 0.1 second. This is the worst- 
case stop for the robot, so t is assumed to be 0.1 second. The linear impulse 
can now be calculated by equation 1. 

_ (75.4 in./sec - 0 in./sec) (103.4 lb) ... 
F  - (3) 

(0.1 sec) (386.4 in./sec^) 

F^ = 201.8 lb 

The total weight (Fy) is the sum of the impulse force and the projectile's 
weight. 

F^ = 201.8 lb + 103.4 lb (4) 

F^ = 305.2 lb 

The friction force (f) between the gripper and the projectile must, as a 
minimum, equal F™. 

f = F^ ■ (5) 

f = 305.2 lb 

When the gripper is holding the projectile, the normal force (N ) produced 
must equal the quotient of the friction force (f) and the coefficient of friction 
between the two surfaces (p). 

The coefficient of dynamic friction between steel and paint is approximately 
0.35. Since this is the minimum normal force required, a 10% safety factor is 
used. 

Np = 959 lb 

The normal force needed to hold the charge (N ) can be calculated in the 
same manner. The weight of the charge is 30 pounds, and the coefficient of fric- 
tion is 0.4.  When the same procedure is used, N is 243.5 pounds. 

In the following sections, the maximum forces and stresses acting upon the 
components of the gripper are studied. Since N is greater than N^, the computa- 
tions are based upon the requirements for N . 



FORCE ANALYSIS 

The forces acting upon the gripper are greatest when the arm is rotating and 
the projectile is parallel to the ground. Vector forces added to the minimum 
normal force required to hold the projectile include the weight of the projectile 
and the dynamic force from the normal component of the projectile's accelera- 
tion. Since the forces resulting from the normal acceleration and the weight of 
the projectile (W) are in the same direction, vector notation is omitted. The 
normal acceleration (a^^) can be calculated using the following relation: 

a = 0)2 r 
n (8) 

From this, the normal force is calculated. 

(9) F  = 
a W 
n 

n   g 

0)2 r W 
F = n 

F = n 

g 

^f Sf^^  ("^8 in.) (103.4 lb) 

(386.4 in./sec2) 

F^ = 31.7 lb 

The maximum force (FTp) attributable to the projectile is the sum of the 
dynamic force and its static weight. 

FTp = F^ + W ' (10) 

FTp = 31.7 lb + 103.4 lb 

FTp = 135.1 lb 

The gripper has four fingers, so the additional force (Fe) on each will be 
one quarter the total added force. 

Fe = 0.25 FTp (11) 

Fe = 0.25 (135.1 lb) 

Fe = 33.8 lb     ' I 

The minimum normal force on each finger remains at 959 pounds, since fric- 
tion is not a function of area (number of fingers). With the layout in figure 
II, the maximum normal force (N) is the vector sum of the minimum normal force 
and the weight of the load. 



N = Np + Fe cos 52° (12) 

N = 959 lb + 33.8 lb cos 52°      •    ' 

N = 980 lb 

Each gripper makes 3-point contact with its load. By summing the forces in 
the y direction, the reaction force (R) can be calculated. 

ZFy = 0 (13) 

R + FTp (0.5) - 2N sin 38° = 0 

R = -FTp (0.5) + 2N sin 38° 

R = -135.1 lb (0.5) + 2 (980 lb) sin 38° 

R = 1,139 lb      .- 

The internal forces of the gripper can now be calculated. Starting with the 
finger (fig. 12), moments can be summed about point C to determine the magnitude 
of FAB. 

ZMc = 0 (14) 

2.387 in. FAB cos 17° - 3.25 in. N cos 38° - 1.7 in. N sin 38° = 0 

FAB ^ N (3.25 in. cos 38° + 1.7 in. sin 38°) 
2.387 in. cos 17° 

FAB = 980 lb (3.25 in. cos 38° + 1.7 in. sin 38' 
2.387 in. cos 17° 

FAB = 1,549 lb 

Once FAB is known, Cx, Cy, the magnitude of C, and its direction from the x 
axis (6), can be determined by summing the forces in the X and Y directions. 

EFx = 0 

Cx - FAB cos 17° - N cos 38° = 0 

Cx = FAB cos 17° + N cos 38° 

Cx = 1,549 lb cos 17° + 980 lb cos 38' 

Cx = 2,253 lb 

(15) 



(17) 

I 
Cy - FAB sin 17° - N sin 38° = 0 

Cy = FAB sin 17° + N sin 38° 

Cy = 1,549 lb sin 17° + 980 lb sin 38° 

Cy = 1,056 lb 

|C| = (Cx2 + Cy2//2 

|C| = [(2,254 lb)2 + (1,056)2] ^^2 , 

|cj = 2,489 lb I 

-1 Cy 
^ = '^^^  -^ (18) 

R = tan"^ 1.036 lb 
\i       can  2,253 lb 

3 = 25° 

Also, once FAB is knovm, the forces on the yoke (fig. 13) can be deter- 
mined. Since there are two forces at the finger connection, each will be one 
half FAB, or 775 pounds. When the forces along the yoke are summed, FBA must 
equal FAB in magnitude and be opposite in direction. Since one of the forces at 
the yoke's finger connection is offset from the other two forces, it produces a 
force perpendicular to the yoke at the piston connection. From the sum of the 
moments about B, the magnitude of this force can be determined. 

^"B=° 1 (19) 

^BAZ -¥(0-3) =0 

^BAZ = FAB (0.15) 

^BAZ = 1'^^^ 1^ (0.15) 

^BAZ = 232 lb , 

Since FBA is known, the forces in the yoke connector (fig. 14) can now be 
determined. A torque (T) will be present on the connector from the two offset 
FBA forces. 

• 



T = 0.75 FBA (20) 

T = (0.75) (1,549 lb)       . 

T = 1,162 in.-lb 

This torque will cause stress in the end posts. The maximum compression force 
(F) which the piston must produce can now be solved. 

F = 2 FBA sin 17° (2i) 

F = 2 (1,549 lb) sin 17° 

F = 906 lb 

It must be remembered that this maximum compression force includes dynamic 
forces. When an analysis excluding the dynamic forces is performed, the initial 
force which the piston produces is 886 pounds. 

A similar analysis can be completed for gripping a charge. The result is 
that the piston will have a working force of 225 pounds and a maximum force of 
234 pounds. 

KINEMATIC ANALYSIS 

A kinematic analysis of the mechanism was conducted to determine if the 
dynamic forces of the moving links should be included. The gripper was modeled 
as an offset slider crank mechanism. The velocity of the piston was assumed 
constant since acceleration, once the mechanism is moving, is approximately 
zero. Position, velocity, and acceleration of different points on the mechanism 
were calculated as a function of piston velocity. The analysis, the program, and 
a sample program output are shown in appendix C. 

The angular acceleration and the acceleration of the center of gravity of 
link R3 for a closing time of 1 second are shown in figure 15. The linear and 
angular accelerations for link R2 are of the same magnitude. Since the accelera- 
tions are small and the crank is almost balanced, the forces stemming from the 
movement of the links are not included. 

STRESS ANALYSIS 

This section provides details of the stress analysis of the various compo- 
nents of the gripper.  The pins at points A, B, and C are detailed in figure 



16. The pin at point A is in single shear at two places (fig. 17). Due to sym- 
metry, the shear stresses (T) are equal at both shear points. For circular cross 
sections, the maximum shear stress is at the center and can be calculated as: 

16 FBA 
T     =   max (22) 

3 TT d2 

For the pin at point A, 

_  16 (1.549 lb) 
Vax ~ ^       , , (23) 

3 i: (0.3125 in.)2 

T   = 27,000 psi max ^ 

The maximum shear stress theory, which is used throughout the design, states 
that the maximum yield strength (Sy) should be at least twice the maximum shear 
stress, or 

min     max v^'*-' 

For the pin at point A, 

Symin = 2 (27,000 psi) (25) 

^^min = 54,000 psi 

The material used to make the pins has a yield strength of 120,000 psi. The 
factor of safety (FS) is the ratio of the yield strength to the minimum required 
yield strength. 

^^ - Sy (26) 
min 

For the pin at point A, 

_ 120,000 psi 
''^ ~ 54,000 psi (27) 

FS = 2.2 

The pin at point B is in double shear with the same force as the pin at 
point A but has a smaller diameter (fig. 18). For a pin in double shear, the 
maximum shear stress will be half that of a pin in single shear. 

8 FAB 
max   -   ,, (28) 

3 TT d"^ 

10 



For the pin point at B, 

=  8 (1,549 lb) 
max T„... =   :        '        (29) 

3 TT (0.25 in.)2 

T   = 21,000 psi max 

The minimum yield strength and factor of safety can be calculated using 
equations 24 and 26, respectively: 

Sy .  = 2 T C24) min     max K^'^J 

^^min ^ ^ (21.000 psi)      ' (30) 

Symin = ^2,000 psi 

Sy  
  (26) 

(31) 

ro 

^\in 

FS 120,000 psi 
42,000 psi 

FS = 2.9 

The pin at point C (fig. 19) is also in double shear. The pin's maximum 
shear stress, minimum yield strength, and factor of safety can be calculated by 
equations 28, 24, and 26, respectively: 

=  8Fc 
max T   =   (28) 

3 TT d2 

^  8 (2,489 lb) 
max  „   .        o (32) 

3 TT (0.25 in.)2 

T   = 33,800 psi max ^ 

Sy .  = 2T (24) min    max ^  -' 

Symin = 2 (33,800 psi) (33) 

11 



Sy^. = 67,600 psi min 

FS _ sz_ 
Sy . (26) 
min 

^ 120,000 psl 
67,600 psi (34) 

FS = 1.8 

The next component discussed is the finger (fig. 20), since its dimensions 
are critical to the design of other pieces. The distance between B and C as well 
as the shape of the curved portion was determined by the working area and the 
conceptual analysis of the mechanism. The cross sectional area was determined by 
the strength requirements. The stress and strength calculations for three of the 
critical sections are presented here. Section B^-B' has bearing stress imparted 
by the pm as well as a shear (tear out) stress. The bearing stress (a) can be 
approximated by the following relationship: 

a = 
FAB 
t d (35) 

where 

t = thickness of section (in.) 

d = diameter of hole (in.) 

For this section, t is 0.5 inch and d is 0.25 inch. There are two compo- 
nents to the bearing stress at this point, a , and a . They can be calculated 
using equation 35. ^      y 

-1.549 lb cos 17° 0  =  1  
X (0.5 in.) (0.25 in.)                                      (36) 

a     = -11,800 psi     I  . 
X *^ 

^ -1,549 lb sin 17° 
"^y (0.5 in.) (0.25 in.)                                      (37) 

a  = -3,600 psi 
y 

The minus notation refers to a compressive stress. 

tion. 
The shear stress acts only through the left-hand portion of the cross sec- 

.  For a rectangular cross section, the maximum shear stress is at the center 
and can be calculated using the following relationship: 

= 1 IM 
^  '2  A (38) 

12 



where 

2 
A = cross sectional area (in. ). 

Since the shear stress acts only through the left-hand section, A is 0.2A 
in. 

xy 
3_  (1,549 lb) cos 17° 

2    0.24 in.2 
(39) 

T  = 9,260 psi 

With the use of Mohr's circle maximum shear stress can be calculated from 
the individual stresses using the following relationship: 

max r-^) yV, 
+ T xy (40) 

For this section. 

// -11,800 psi - (-3.600 ps 
max 

T   = 10,100 psi 
max 

— j  + (9,260 psi)2j V, (41) 

With the use of equation 24, the minimum yield strength can be determined. 

Sy .  = 2 T C24) mm     max K^'^J 

Sy^in = 2 (10,100 psi) (42) 

S^min = 20,200 psi 

The finger has a minimum yield strength of 120,000 psi.   The factor of 
safety for this cross section can now be solved using equation 26. 

FS = 
Sy 
Sy, (26) 
min 

FS 
120,000 psi 
20,200 psi (43) 

13 



FS = 5.9 

The most critical stresses are at section C'-C. They include a bearing 
stress troin the pin, a bending stress due to the moment, and a shear stress. The 
bearing stress is almost constant throughout the right-hand side. The bending 
moment increases from the center to a maximum tensile stress at the right outer 
edge. The shear stress is a parabolic function which is zero at the edge of the 
hole and at the outer edge of the section with maximum stress halfway between, 
ihe effect of the bending stress is greater than that of the shear stress. For 
this reason, the stresses at the right outer edge are analyzed. 

As reported in reference 1, the maximum tensile stress will be twice what it 
would be were the hole not present. This is true for ratios of hole diameter to 
width less than 5. From this, it is evident that the tensile stress at the edge 
of the hole can be calculated from the following: 

a    = 
6M 

y   tD2 (^^) 

where 

M = Moment (in.-lb) 

t = Thickness of section (in.) 

D = Width of section (in.) 

For the section to be studied, 

M = 1,549 lb (cos 17°) X 2.387 in. = 3,686 in.-lb 

t = 1.0 in. 

D = 1.2 in. 

a    = 6 (3,686 in.-lb) 
y (45) 

(1.0 in.) (1.2 in.)2 

a    =   15,400 psi 
y ■ 

The compressive stress in the x direction can be calculated using equation 
35 and a value of 2253 pounds for Cx. 

a 
Cx 

X  t d (35) 

14 



o,. = 
2.253 lb 

X   (0.48 in.) (0.25 in.) (46) 

a = -18,775 psi 
X 

The shear stress in the x-y direction is zero at this point, so the maximum 
shear stress can be calculated using equation 40. 

max 

a     -a 
^ 1   )     +  ^     2 

2 I \y 

\V, 
(40) 

max 
18.775  psi -  15,400  psi   \2 \ ^2 

2 (47) 

T   = 17,100 psi 
max 

Equations 24 and 26 may now be used to calculate the minimum yield strength 
and the factor of safety at this section. 

Sy .  = 2 T 
min     max (24) 

Sy .  = 2 (17,100 psi) 
min '^ (48) 

Sy = 34,200 psi 

FS - sy_ 
Sy. min 

FS = 
120,000 psi 
34,200 psi 

(26) 

(49) 

FS = 3.5 

The stress at section D'-D' is caused by bending and shear. Again the 
stress is greatest at the inner edge. The tension stress due to bending can be 
calculated using the following relationship: 

M c 
(50) 
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where 

c = distance between neutral axis and point of calculation (in.) 

I = moment of inertia (in.'^) 

The moment of inertia for a rectangular cross section is 

^=l2^^^ (51) 

where 

h = height of section (in.) 

b = base of section (in.) 

For this section, 

b = 2.0 in. 

h = 0.7 in. 

The moment of inertia can be calculated using equation 52. 

I = y^ (2.0 in.) (0.7 in.)3 ^52) 

I = 0.057 in.'^ 

The distance between the point of calculation and the neutral axis is 0.35 
inch. The moment on this section is 2,058 inch-pounds. The tensile stress can 
now be calculated by substituting into equation 50. 

M c 
a    = 
y   I . (50) 

(2,058 in.-lb) (0.35 in.) 

(0.057 in.t) 
^ ^   „.  (53) 

a    = 12,600 psi 
y 

There are no other stresses on this section, so equation 40 can be used to solve 
tor the maximum shear stress. 

^max =11    2        )      ^  \y (40) 
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■^)1 
-12.600 psi Y  \^/2 

^max  ^V     2     1     } (5A) 

T   =6,300 psi max 

The maximum yield strength and factor of safety can now be calculated. 

Sy .  = 2 T (... 
mm     max ^^^^ 

Symin = 2 (6,300 psi) (55) 

Sy^.^ = 12,600 psi 

FS =-^ Sy . (26) 
mm 

^ 120,000 psi 
12,600 psi (56) 

FS = 9.5 

The finger connects to the yoke by the pin at B (fig. 21). There is bearing 
stress at pms B and A. There is also a bending stress at section A'-A'. These 
are critical sections and are analyzed separately. 

For calculation of the bearing stress at section B'-B', equation 35 can be 
used.  The total contact area is used. 

o = 
FAB 

X  t d (35) 

-1,549 lb 
a„ = X   (0.5 in.) (0.25 in.) ' (57) 

a    = -12,400 psi 

Again, equation 40 is used to calculate the maximum shear stress; however, 
since there is only one component, it reduces to the following: 

T   = ± ^ 
max    2 (58) 
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^ -12,400 psi 
T„_ = ±  2 (59) max 

T   = 6,200 psi 
max 

For this section, the maximum shear stress is 6,200 psi.  Since the shear 
strength of the yoke is 120,000 psi, the factor of safety is 19.4. 

At section A'-A', t is 0.3 inch and d is 0.3125 inch. The bearing stress 
here is 

FAB 
o = —r X  t d (35) 

^      -1,549 lb  
^x   (0.3 in.) (0.3125 in.) (60) 

CT = -16,500 psi 
X 

There is an added bending moment at A'-A' which can be calculated using 
equation 50.  This has a rectangular cross section where 

I = 0.001 in.'^ 

C = 0.5 in. 

M = 51 in.-lb 

a 
M c 

y   I 

(51 in.-lb) (0.5 in.) a    =   

^      (0.001 in."*) 

(50) 

(61) 

a    =  25,500 psi 
y 

There is no shear stress in the x-y plane, so the maximum shear stress at 
this section can now be calculated using equation 40. 

Vx =((^V^) ^ V  ' ^''^ 

T-   =((  -16.500 psi - 25.500 psi ) ^ ^2 
(62) 
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T   = 21,000 psi max     '    '^       . 

Again, with the use of equations 24 and 26, Sy„.  is 42,000 psi and the FS is 
2.9. ^^^ 

The yokes attach to the piston via a connector (fig. 22). There is a bear- 
ing stress in the pin resulting from the torque it must transmit. The maximum 
bearing stress is at A'-A' and can be calculated by equation 35. Assuming half 
the connecting area withstands the bearing stress imparted by one yoke, t is 0.2 
inch. 

FAB 
t d (35) 

a  = 
-1,549 lb 

(0.5 in.) (0.25 in.) (63) 

a =  -24,800 psi 

Combining equations 58 and 24, 

Sy .  = a 
mm 

Symin = 24,800 psi 

(64) 

The factor of safety can be solved using equation 26 with Sy having a value of 
120,000 psi. 

FS = Sy 
Sy, (26) 
min 

^ 120,000 psi 
24,800 psi (65) 

FS = 4.8 

The last item discussed is the saddle (fig. 23). Two critical sections are 
involved. First is the bearing and tearout area at C. Second is the combined 
bending and compression at section E'-E'. 

The bearing stress at C can be calculataed by equation 35. 

FC 
t d (35) 
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=      2,489 lb 
^x  (1.0 in.) (0.25 in.) (66) 

a    = 10,000 psi      1 
X 

The tearout stress is in the y direction and is caused by the shear. Since 
this is a rectangular cross section, the maximum shear in the x-y direction can 
be calculated using equation 38.  The area is 0.4 in.^. 

T 
_ 2 FC 

xy - 2 A (38) 

- 1 2,489 lb 

^^  2 0.4 in.2 

T  = 9,300 psi 
xy        ^ 

(67) 

The maximum shear at this section can be calculated using equation 40 

■(( 

a    -a    \2      \l/„ 
^ ^  W ^ 2^ 2 

xy Vx =1—r^ I + ^.. ) (^0) 

,,    10,000   psi  \2        ^^ \l/„ 
Vax  =(i 9       -  )     +  (9,300   psi)2 ] ^2 (^8) 

T =   10,500   psi 
max 

The minimum yield strength must be 21,200 psi.  This results in a factor of 
safety of 5.6 since the material has a yield strength of 120,000 psi. 

Section E'-E' (fig. 23) is a curved beam in bending.  Equations 69 through 
72 are taken from reference 2.  The meaning of the symbols is shown in figure 24. 

T.  A rn =   

Zl b ln( ^ 

(69) 

(1.2 in.2) 
" = . ,  .3.725 in.. (70) 

2 '" ^3.125 in.^   ' 
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rn = 3.416 inches 

e = Tg - rn (71) 

e = 3.425 in. - 3.416 in. (72) 

e = 0.009 inch 

The bending stress at the inner surface, which is the location of maximum stress, 
can now be calculated. 

_ Mci 
^ = AT^ (73) 

„ _.  f(2,489 lb) (1.1 in.)l (0.3 in.) a. - -^ ^ (74) 

(1.2 in.2) (0.009 in.) (3.125 in.) 

a =  25,000 psi 

With equations 24 and 26, Sy^^^.^ is 50,000 psi and the factor of safety is 2.4. 

PISTON RATIONALIZATION 

The piston must travel 1.6 inches between the mechanism's fully opened and 
fully closed positions. Since a piston should work only over 80% of its stroke, 
the stroke should be 2 inches. As shown in the Force Analysis section, the pis- 
ton must produce forces of 906 pounds and 234 pounds. 

The piston selected for this use is double acting and has a 1.63-inch bore 
with a 2-inch stroke (fig. 25). 

The piston has a maximum pressure rating of 500 psi.  Its operating pressures can 
be calculated as shown.  Pressure (P) is the force divided by area. 

^4 (75) 

The area of the piston is 

TT d2 
^ - ~ir~ (76) 
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where 

d = diameter of piston (1.625 in.) 

. _ TT (1.625 in.)2 
^       4 (77) 

A = 2.07 in.2 

When gripping a projectile, the piston must have a working force of 886 pounds. 
The piston's pressure at this force will be 

886 lb 

""  = ,  .7   ■     2 (78) 2.07 in.^ 

Pwp = 427 psi 

To properly grip a charge, the piston must produce a working force of 225 
pounds.  The piston's pressure at this force will be 

225 lb 
Pwc =   

2.07 in.2 

Pwc = 109 psi 

(79) 

Due to dynamic forcing, the maximum force could be as much as 906 pounds, 
The pressure at this force level is 

(80) 
p = 906 lb 

max 
2.07 in. 2 

P max 
= 438  1 psi 

Note that P^^^ is less than the 500 psi rating of the piston. 
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CONCLUSIONS AND REC(»MENDATIONS 

The gripper introduced meets all the specifications detailed in this 
report. The gripper was designed to the dimensions of the largest object to be 
grasped; namely, the largest proposed dimension of the experimental uni 
charge.* After the dimensions of the uni charge are known, the gripper should be 
retooled to the dimensions of the largest object it must then grasp. This will 
not only result in a better grasp of a load, but will also reduce the stresses 
within the gripper. 

Drawings of the gripper as presently configured are shown in appendix D. An 
artist's conception of the gripper precisely tooled to the contour of a projec- 
tile is shown in figure 26. 

*  The uni charge is a rigid-case propelling charge presently under development. 
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1 

Figure 2.  Motion without tilt 

Figure 3.  Motion with tilt 
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Figure 4.  Robot in flexed position 

Figure 5.  Three-piston gripper concept 

29 



\-/ \J 

Figure 6.  Inflatable gasket gripper concept 

L/^A 1 

Figure 7.  Long-stroke concept 
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Figure 8.  Short-stroke concept 

Figure 9.  Generalized gripper schematic 
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Figure 10.  Worst case condition for gripping 

Figure 11.  Force analysis layout 
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Figure 12.  Forces acting upon finger 

33 



^. 

M 

fie^ f-h 
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Figure 14.  Forces acting upon yoke connector 
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Figure  16.     Pin  locations 
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Figure 17.  Stress locations on 
pin at point A 

Figure 18.  Stress locations on 
pin at point B 
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Figure 19.  Stress locations on pin at point C 

Figure 20.  Stress locations on finger 
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Figure 21,  Stress locations on yoke 
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Figure 22.  Stress location on yoke connector 

Figure 23.  Stress locations on saddle 
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Center of 
gravity 

Neutral 
oxis 

Radius of 
curvoture 

where: 

A = area of cross-section 

e = shift of neutral aids from C.G. = r, - r-, 

rn = radius neutral axis from center of curvature 

Co = distance outer fiber to neutral axis = To — rn 
Ci = distance inner fiber to neutral axis = rn — ri 

T$ = radius center of gravity from center of 
curvature 

d = distance line of force to neutral axis of 
section 

Center of curvature 

U-H 

I 1 

I J 

Excerpt from Design of Weldments by Omer W. Blodgett, printed by The James 
F. Lincoln Arc Welding Foundation, Cleveland, Ohio, 1963. 

Figure 24.  Curved beam analysis 
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Figure 25.  "Pancake" hydraulic cylinder 

Figure 26.  ISAS robotic gripper 
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PRODUCT SEARCH 
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APPENDIX B 

SPATIAL ANALYSIS 

(DERIVATION OF EQUATIONS, FORTRAN PROGRAM, AND PROGRAM OUTPUT) 
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Derivation of Equations 

A FORTRAN program was developed to study trends in the mechanism when its 
characteristics were varied (fig. B-1).  Following is the list of variables: 

D   Distance between center line of mechanism and low end of piston 
stroke (in.) 

R  Distance between center line of mechanism and lower left hand pin 
(in.) 

T2 02 (rad) 

Tl 0  (rad) 

R2 Length of link R2 (in.) 

R3 Length of link R3 (in.) 

y  Longitudinal distance between center line of projectile and lower 
left-hand pin (in.) 

X  Distance gripper displaces (in.) 

S  Distance between center pivot and low end of piston stroke (in.) 

With the law of cosines, lengths L and h can be determined as a function of 
R2, RT, and 0, 

2   2   2 
L = R2 + R3 - 2 R2 R3 cos O2 (B-1) 

2    2    2 
h = R2 + R3 - 2 R2 R3 cos Qi ' (B-2) 

Subtracting equation B-2 from B-1 yields 

2   2 
L - h = - 2 R2 R3 cos 02 + 2 R2 R3 cos 0^ (B-3) 

This equation can be solved for R^ 

 L2 - h2 
2 (cos Bi  - cos 02) R3 

^  ^  L2 - h2 
^2   2 fcos 0, - COR 0.^ R, (B-4) 
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Substituting equation B-4 into B-2 yields 

/       2   2       2 2   2 
2  /      L - h      \ 2  2 R3 (L - h ) cos O2 

L = ^^  I  — + R3 -  —  (B-5) 

2 (cos Oi -  cos G2)    R3 2 R3 (cos 0^ - cos 02) 

Multiplying equation B-5 by R^ and setting it to zero yields 

2    2 2    2       2 
1+ 2/(L  - h ) cos 02    2\  /      (L  - h ) 

Since R and D form a right angle, pathagarien theorem can be used to deter- 
mine L and h as a function of R, D, and S 

L2 = R2 + D2 (B_7) 

9     0 2 h2 = R2 + (D + S) (g_g) 

When equations B-7 and B-8 are substituted into equation B-6 the result is an 
equation relating R^ to known parameters 

000 o 

•    1+    2 /((R  + D ) - [R  + (D + S) ))COS ©2    2    2\   ■ 
^3 " ^3 (^ (COS 01 - COS O2) '^    ^ V^ 

2    2      2 2  \ 
(R  + D ) - fR  + (D + S) 1 \    _   ^ ,  „, 

2 (cos 01 - cos O2)     / ~ ^^"^ 

2 2 
4    2 / (D  - (D + S) ] cos 02    2    2 \ 

^3 - ^3 ^   (,,3 0^ _ ,,3 Q^)   + R  +D  )+ 

D2 - (n + s)2  A 
2 (cos Oi - cos O2) )   "° (K-1'^) 
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There are four roots to this equation, two pairs of which are equal. Of the 
two remaining, one is positive. To find this root the following steps may be 
used. 

Let A and B equal the following: 

2 2 
(D  - (D + S) )  cos O2    2    2 

A = z —T^^  + R  + D (B-1 1) 
(cos Qi  -   cos 02) 

2 2 
=    D  - (D + S) 

2 (cos Gi - cos 02) . (B-12) 

RT can now be found. 

V2\V2 ^ /  A , (-A - 4B)   . 
R3 = + ( - 2 ± ^ 2    ) (^-13) 

Since R-i is known, R2 can be determined by equation B-4. 

2    2 
^  L  - h  

^'^       2 (cos Q^ -   cos 02) R3 ^^~^) 

2 2 
_  ^     D  - (D + S)  
2  2 (cos 01 - cos 02) R3 (B-14) 

Calculations are now made to see if the mechanism stays in its intended 
envelope. If it stays within the envelope, the link lengths of the mechanism are 
printed out. 
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Figure B-1,  FORTRAN developed gripper concept 

50 



X 
c» 
m 

m 

X 
CO 

•I 

m 

u 

o 
u 

H 
Pi o 

O 
■ 
lit 
O. 
<c 

O  I 

KM 

OQ. 
Q££: 
OL t-t 

X 
1^ 

X 
00 

X 
01 

X 

to « 
v - 
fU       X 

in -^ •»-• 
«-• ® « 
■V ® -^^ 
■»r« •»-• X 

»>«    ♦    *>»-• 

0 0(0 w 

z:  •     f- oinuj <x 
JT ■ •-« CK '»» 
OCU £^ O B 
Ol- 3U-> 

9 
00 
■vH 
N 
JV 

lACU 
tn Oi 

■»-«  • 

■ pj 

* irxx. 
ooi- 

• * 

• -^ 

• en 
■   ■ 

(nck: 

"^ n 
o o 

cu 
o '^ 
H- as 

^-4 O {1— 

• y> n '^ o 
• LDO 

LO    •   I 

• • <2: 
■^ j- -^ 
■ o I- 

® + o 
OJ oo 
O liL I- 
C3 »-• O 

<^ M 

+ -«- nj 
Q I- ** 
w o ♦* 
** S. '^ 
^■% ^^ ^^ 

V) OJ t- 
+ I- o 
Q w ♦t 
-^ U> (U 

I O w 
Q O N 
**■>*</) 

Q U> Q 
»    Q  N^ 

</)   ■    a 

a: 

o 
<3 

tu 

I- 
o 

on 
>- 

n 

«» 
ru 
I- 

• *« 
I-   • 

• I 
LU UJ 

Ul UJ 

u. ■ 

o ir> 
t- • 
o *♦ 

o \ 

^   I 
UJ 

to 
Of 

Ul 

a 
u. n 

X OJ 

o Q: 

6- 
O 

O 

CU 

0. UJ 
»j :D 
UJ z 
X *■■* 
j I- 
-3 Z 
<E O 
O O 

o 
«k 

^■* 

t- 
* 

cu 
D£ 

!« 
>- 

* 
cn ae 

« 
<o ^ 
o lA 

<^ • 
lU M 
1- M 

« ^N. 

c: O 
«4 M 
•- O 

* •«■ (n oe 
« *« 

a: oc 
« *m^ 

o s 

UJ UJUl 

z z 

z z 
o o 
o o 

UJ 

»-iO 
I- 
=3 Z o o 

Q. Q:^ 
o o ca i:: 

z 3 o 

ni 

cnz 

*-<o ru 
S CK 
OJ w 
\ z 

n  <C 

U) Ul V) O Q£ ^ 

o o O <D Cd ® 
CU o -^ tft 

51 



X 
Vi 

cu 
ac 

Ui 
cu 

lA * 

(A 
-•■• 

(A + 

0£ 

^* 
4C 

** + 
(UO 

tni- 

■  • 
MO 

Q:XX 
X  + Q. 

•^ I z 
ZMK-i 

I- « ♦♦ 
<t ■ > 
■  X  ■ xa.x 

ni 
I- 
I 

4C 
I 

(U 
▼ X 
»^   « 
• nj no: 

O    ^-T 
M-t-t  • 

oc  *.-^ 

• *C»J 
(QO    « 
Z    «CX1 

^^ ^% ,_i 

lAO ti. 

• »^    * 
• •X 

O w w . 

UI 
X 

X 
00 

■ 
en 
■ 

X 

X 
00 

■ 

X 

X 

X 
(U 

® ® ▼-< 
in ^ X 

•   «»»-• 
O U) w 
Ul -^-^ 

xuj<i:«-iLi_«-iijj<r     u-tt 

U.QiO'^ZU.QiO-r-iZUJZ 
•-H3U.OLiJi-l3U.OLLiQ£UJ 

<» o 

52 



vi»v i«.,« ,^ .e ;;: .-^ ;::   - ^ .-.    .    .^ .« .« n o U3 •^ U) ^ ® LO-^ f^ <XJ fU C^ n 

nirunj(ucuc\jfucu(uaiturutvjrunjcxjcunjnjrut\jnjfunjmc\jcururucucufUrtjaj 

S2^^^^^Tt^'^^^^^'^^^^^^<s>fJ3'v '^^r^cnw^w^f^iOtor- ^.^TtZl'^^ ^"^'^ ^ ^ ^ ^ "^ ^ '^ <^ ^ -^ '^ en '^ -^ isit^ <& w "v t\3Ui ^-^ c> ci Oi 

(ucumruninjaiainjcuojciicucyojraaiajruajajcunjajrurucuaimmniruajru 

4-1 

3 
O 

H 
M 
O 
>^ 

P-i 

It^^,^,T,T,T,'^ ^ '^ "^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ <0 fZ W KD t^ iO <^ to ID ia ii <Xi iO CMnjftjfurunjnjmninjajojnjnjnjnjairunjainjcuainjajajtxjnjnjajturucuru 

■^•vr-^'V'^'^'^"^^ 

53 



Jf:x:22SP*^'^^^'^coco^-ooooir)L/)tnLno3co»-icocoo^oc)00)©(7)ift»/)coLnco 
cunicncncunjoinjaiaimnjnjturururucuaiairunrururuncurucnfunjnjnjcuru 

cucucunKunjainjaKuairutucucucurucuainjturunjajajcuajruainiruajajnjtu 

wc^r-r-^-i^i^r-r-r-r-r^r-^-t^r-r-r^r-r^r^oooooooooooocxjoooocooococooo 
cumaiajainjnjajnjcuaicutucuajajrucuturutuajcuajcurururuainjrurucurufu 

cU'<H'<r4v-icucuaiairuairummmmmrQ(nrornrn'<-<airuniojrurururucnrnrnr)ro 

«-iO«-«<s>o«-ia]oo«-icutnc»-*-iC9'r-tru®^Hruooa>'<-«rurooviOJ®aj«-truo^-i 

54 



t^tor^r-r^t^mLncD®«-<o.r^.r-»ujcor^r>-r^cot>cocncot75<7iu^Lf>a!ia)ior»-njfuo 
cunjfunjwmnjnicnrirjtntnrnfuajnjcunjrufunjrunjruruaiftjcuajnjftjitnrjpi 

^"V"V'^'«r'W'W'^'>«--<«-'V"V'r'^"V^'rir"<r'VT^'V'^'r'V 

tunjtucucufufutuninicurunatuajainjainjrurunjcucuruasaiaituruajnjajcufu 

ooraooo9oococ»cxiotc7>c7)a>o>c7>o>C7)0)aio>o)C7>a>o>a>D>c7)a>a)cno)0)cnooo 
cunjnjnjmnjrunirunjcufurutucuaiajairurucucucunjojrururuturunjnjrocoro 

nics>'<>-*(uO'«-iO'«-4C9'*-«aic&'T-40<s>'^a]0'r-iajOo-iru€>«-«o«-40v-iO'<-ioo«-iai 

55 



H   1 

t^iurucucucucnnjricncnnjnjcunjruajcunjnjritnrjriririrjririrjruajcutuoj 

r>- o) cu u) o) 00 (o 
to n-v cu •▼ nj en 
00 (D rU -^ U] LO 0> 
LD u) -rH cu oj n en 

S2mmlfJJ)?JS55S^S::J2'^®^^®'^«»i^'»'«'"^«»®co^t^t^'»-cD^cnnj i2mSm^2S^2:^i?;j3j;j;tJS^'*^<^'"'^"'^~'*'^«^f^"'^«j®»^'Mfn 
'^"J"J"^^^vn^^moor-r^<i>a)Lnu3Lnu>-^'^'VTTtncnnr)mcor-r^r^<o 
cucucucuoimoicumtuasnicunjmnjnjajnjojrunjcuojcunjmcunjajnjnjojcucu 

oo<s>ooooo®oooo®o<s><s><sooo®<c&®®o®«o<»®SS5S 
*   •   *  •   •   ••••♦•••♦•♦♦••...••••♦.,.♦,.♦« 

curjrirjrioicn(ncnrjcn^'«r'«r'Tn-'«r'r><r'Tniaicncn<ncncnfn(n(^'?^^^^ 

▼ r^f^r^'T'r'rminu^<fl'rmina)aDr-t^ooooorornrjcn"V'r'^u>i/)tnri'r^S 
cninnrnrnncnrirnrirnrnrofnrinrocnnrornrironririr^ncncnr^nrnfncn 

56 



mnimmwairacwruwwimnjcunjrunja^tunjnjnjnjfumruajnjrufufu 

■»*C?'»-«®*^®®.r-»rU®>r-ttU®®-.-«®'.-«®ir-J®^l»CS>®'r-4tU®^®'^®'»-0®»-»® 

■vw -^-^ 

fS^iSS^SS^®®®*®®®®®®®®®®®®®®®®®®®®®®®® 

«^^oc^c^c^(^c^^^r^^^^^^^m^^c^r^cn^^^^r^^^^^t^^^c^^^^^^^n^^^^n^ 

57 



coco<OTrto(,ooojC7>o*-iruc»ioor-cooor-'^oo> 

■^njnjcu-iLom"TTrjnn--i'»-»T-t'^r"mmpici 
cucucun](ucufucururuni(ucu(ucu(ucucuaj(uru 

58 



APPENDIX C 

KINEMATIC ANALYSIS 

(DERIVATION OF EQUATIONS, FORTRAN PROGRAM, AND SAMPLE PROGRAM OUTPUT) 
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Derivation of Kqtiations 

The mechanism modeled is shown in figvire C-1. Kinematic quantities are 
determined as a function of piston velocity and displacement. Piston velocity is 
assumed to be constant. Following is the list of variables used for the anal- 
ysis. 

VA Velocity of point A (in./sec) 

delta Position of point A from closed position (in.) 

W2K Angular velocity of link Rl in z dirction (rad/sec) 

W3K Angular velocity of link R3 in z direction (rad/sec) 

Alf2K Angular acceleration of link R2 in z direction (rad/sec^) 

Alf3K Angular acceleration of link R3 in z direction (rad/sec ) 

T2 Angle theta 2 (deg) 

T3 Angle theta 3 (deg) 

F A point on R3 

XI Position of calculated point (x-dir) (in.) 

XJ Position of calculated point (y-dir) (in.) 

VI Velocity of calculated point (x-dir) (in./sec) 

VJ Velocity of calculated point (y-dir) (in./sec) 

MAGV Velocity of calculated point (magnitude) (in./sec) 

AI Acceleration of calculated point (x-dir) (in./sec^) 

AJ Acceleration of calculated point (y-dir) (in./sec^) 

MAGA Acceleration of calculated point (magnitude) (in./sec^) 

R Distance to calculated point from point C (in.) 

T Angle of R from horizontal (rad) 

Two approaches can be used to solve O2 and O3. The law of cosines may be 
used to relate the geometry in such a way as to produce complex equations which 
can be solved for 02 and O3. Since the computer is used for this analysis,' a 
simplier method involving iteration is used, A loop equation can be written to 
state that the vector sum of all the link lengths is zero.  Starting and ending 
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at the origin and letting i and j be unit vectors in the x and y directions 
respectively, ' 

- 3.3 in. i + R3 (cos 03 i + sin 63 j) + 

R2 (cos 02 i + sin 02 j) - ds j - 4 in. j = 0) (C-1) 

Separating the equation into its i and j components, two sealer equations can be 
written: 

- 3.7 in. + R3 cos ©3 + R2 cos 02 = 0 (C-2) 

R3 sin 03 + R2 sin 02 = 0                                     (C-3) 

These equations can now be solved for Q^  and 0,: 

02 = sin  ((2.9 in. + ds - R3 sin Q3) /R2) (C-4) 

03 = cos   ((3.7 in. - R2 cos 02) /R3] (C-5) 

The angular velocities of links R2 and R3 can now be determined. The 
velocity of point A is known, so the velocity of point B can be determined as the 
velocity of A plus the velocity of point B with respect to point A. 

B   A   B/A (C-6) 

The velocity of point B with respect to point A is the cross product of the 
angular velocity of link R2 (0)2) with the displacement between points A and B. 

Assuming is^^   is directed in the positive z direction (k unit vector), the fol- 

lowing can be written: 

^B/A = ^^2 '^ ^ h.   (-cos 02 i - sin G2 j) (C-7) 

Solving the cross product, equation C-6 can be rewritten: 

^B " \ j ~ "^2 ^2 c°s 92 j + '^2 '^2 ^in 02 i (C-8) 
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In the same manner, it can be written: 

The velocity of point C is zero, 

\ = 0 (C-10) 

The velocity of point B with respect to point C is the cross product of the 
angular velocity of link R3 (0)3) with the displacement between points C and B. 
As with 0)2, 0)3 is assumed to be the z direction. 

V B/C ^  ^3  ^  ^ ^3   (cos 031+ sin G3 j) (C-11) 

Solving the cross product and substituting into equation C-9, 

Vg = 0J3 k X R3 (cos 03 i + sin O3 j) (C-12) 

Equations C-8 and C-12 can be solved and two sealer equations can be written for 
the X and y directions. 

\ - ^2 ^2  cos 02 = 0)3 R3 cos 03 (C-13) 

0)2 R2 sin ©2 = 0)3 R3 sin 03 (C_]^4) 

Solving equation C-14 for 0)2 in terras of 0)3, 

(1)3 R3 sin 03 

^"2 = - R2 sin 02 (C-15) 

and   substituting  into  equation  C-13, 

R2 R3  0)3  sin  03  cos   02 

\^ R2  sin   02  =0)3R3COSG3 (C16) 

0)3  can  be  determined  as: 

V. \ 
0)o = 

R3 COS 03 - R3 cos ©2 sin O3 ^^   ^^^ 

sin 02 
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Substituting uj back into equation C-15, 0)2 can be determined as: 

V, sin 03 
 A ^  

"2    ^^    (sin g^ (,03 g^ _ ^og g^ gin g^) (C-18) 

The angular acceleration of links R^ and R^ is found in the same manner. As 
with the angular velocities, the angular accelerations are assumed to be in the 
positive Z direction. The acceleration of point B equals the acceleration of 
point A plus the acceleration of point B with respect to point A. 

^B = ^A "■ %/A (C-19) 

Based on an initial assumption, the acceleration of point A is zero. The accel- 
eration of point B with respect to point A has a normal and tangential component 
which can be determined by, 

^B/A = «2 k X r^^^ + 0)2 k X (02 k X r^^^ (C-20) 

The vector distance r ,  can be represented in terras of link R2 and its angle. 

^B/A ^ ^^   ^~  ^°'^ O2 i - sin 02 j) (C-21) 

Substituting C-21 into equation C-20 and solving the cross products yields 

a  = ^R/A "^ ~ ct2 ^2 cos 02 j + a2 R2 sin ©2 1 + 

2 -    2 
0)2 R2 "^os O2 i + 0)2 R2 sin O2 j (C-22) 

The acceleration of point B also equals the sum of the acceleration of point 
C and the acceleration of point B with respect to point C. 

"B = ^C ^ %/C ^C-23) 

The acceleration of point C is zero.  The acceleration of point B with respect to 
point C can be solved in the same manner as equation C-19. 

a ̂  =   ^i  ^  ^  ''B/C + '^3 k X 0J3 k X r^^^^ (C-24) 
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The vector distance can be represented in terms of link r^ and its anjUe. 

''B/C ^ ^^   ^"""^   °3 ^ ^ ''^^ ^^3 J) ■  ■ (C-25) 

Substituting equation C-25 into equation C-24 and solving the cross products 
yields: 

^B " ^B/C " °'3 ^3 cos O3 j - a3 R3 sin Oj i - 

2 -    2 
0)3 R3 cos 03 i - (03 R3 sin O3 j (C-26) 

By equating C-22 and C-26, an equation can be written for each of the i and ] 
components, 

2 2 
«£ R2 sm O2 + 0)2 R2 cos ©2 = - 03 R3 sin O3 - 0)3 R3 cos O3     (C-27) 

2 2 
- a2 R2 cos O2 + 0)2 R2 sin O2 = a3 R3 cos O3 - 0)3 R3 sin O3     (C-28) 

The results are two equations and two unknowns.  Solving equation C-27 for cto and 
reducing it yields: 

R3  sin O3   2 R3 cos 03   2 cos O2 
ao = -  tto -— —: -— + 0)5 —   + a)o   (C-9()^ 

Equation C-29 can now be substituted into equation C-28 yielding an equation 
for 03 

R2  cos ©2 2    ^2  cos 02 2   cos2 ©2 
"3 ^3 i~ „■■•„ n  ^^" O3 + 0) R3 —- —^ — cos 03 + 0) Ro  :  + 

R2 sm 02      ^    3    ^2 sin 02 2    sin O2 

2 2 
0)       R2  sin  ©2 =  03 R3  cos   O3 -   0)      R3  sin   ©3 (C-30) 

sin  ©3 2 cos   ©3 2 cos   ©2 2 

o'S  R3 TT^TTT +  (^    R3 TTTT^— + o)    R2 ;r- +  o)    R2 sin  Qy = tan (j2   3  -" tan ©2    3  -^ tan ©2   2 

2 
ag R3 cos ©3 - 0) R3 sin ©3 (C-31) 
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I COS 03.   2   / cos 02 N 
i^^^" ^^3 + J^^  0,^ R2( sin 02 . -^^^^ ] 

R3 {   cos 03 - 
"3 ^ : sin O3 .  (C-32) 

tan 02 / 

Since 03 is now known, 0(2 can be determined using equation C-29. 

R3 sin 03   2 R3 cos 03   2 cos 02 
O.-)   = 

/ K3    sm  03 2    R3    cos   03 2    cos   02   \ 
r^ ^ TI^TO^ + 0.^ -^ ^T^^ + 0.^ ^v^^ j (C-29) 

These quantities are used in the computer program to solve for the velocity 
and acceleration of any given point on the mechanism as a function of piston 
velocity. 
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Figure C-1.  Kinematic analysis model 
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:>.H'«-uiaiLnni votuiininr^Gk.-i'V'OO.-ainok ^ oo 
C7u>ir>u>'^ooui'«~ni'^<»o»oor^r-u>uiio^i^ ni fu 
'^   .c*irucu<-«-^»-«ir^-r^«^^^Q><&Q>9oc»C9 ^^ 

a 
ai 
o    r^iD .-«nc»nfu® oocxnor^ 00® <D .-• ^-i^oit^ift 
ovii>cu-»—<(X>'-'C>>t^fU^i/>u)—<o«>r>t^ruoomn 
uir>r-nr^u>0)imno>Lnc\io>r^uji/)-«-nmnj»<-rf.-< 

.-I  
Qraninj'4 i   i   i   i   i   i   i   i   i   i   i   i   i   i   i   i   i   i 
Ul      .-•II 
a.      I 

«n 
UJ 
X IP* —•o»r^r^«s>aja>-^oof»>ni/>u>'«-ooi^o>c^® 
o oc»nLn--f«-oooor>-^ ^-^ oononDm-'OOoi^ 
z:^nj^nmt^ajoomn'^<7»r^m'^aj--i«5>c7>r^ujtn 
rj--.   .•••....••..   •■.... 

(9     -4 

ooc7>rutu»vj-<u>s><smmc7noootvnor^mr-'«' 
c>i/>rTTU>oo>oo"»-m<s>r^r^oO'<-«-oar>oo'* 

fXJCTl 
>ii.   • 
I- jr-. 
t-4<t 
o 
o 

® T o CD DO cy» 00 tu r^ oj n n iD r^ <o ru ■«"-^ cxj c^ lO 

fxjoc>>r^a»u)^r»>^^©cM?ioooor^f^c^*Du>«iiaj 
••rKir, ▼▼r^nnmrnnfururuaiairufVKVlfXiojnj 
oi  

1 I   I   I   I   I   I   I   I   I   I   I   t   I   I   I   I   I   I   I   I   I 

ot 
c»mr^u>njoou>-ru>oooo'«-ii>9iQOkrutui0        r^ oo 

'->0O00 0orUU>-«'U)(9U>>-iOOU>-«-n>4«<&<D4B <» <9 

•   ••......-••.-.••. Ul*. 
II Ell 

rur^ncoaxoLnwvotmok^r^oaniaoaot    t-mj i/> 
■s-ID T^ oo ta ai-r^r-in TUHDOt'^-^ CO-^laat    »-▼ oo 

>-it/>njina>ooLn'«-ni'r^<»o»oor>-i^u>i/>ii>'Yr>    «r» tu 
I 

I   I   I I   I   I I   I   I   I i    I    I QOL  I 
UIE: 
vto 

OT i>im 
s>i/>u>OTnn'Yr^mOTOTi^mu>oaOT99fl»c7c3OT oo 

-ox-<s.-<oa'v-tO'^roLnu>r-Goaa»oo«<D<p<»<i:ccK o 
X'^uii^r^ooooo>0)Oic»c)tt(Ma»o»OkC3ftCD^<fiO!^oc» en 

I- z 

VI v> 

5& 
cu 
'V —•ui'v-oor^ui'.Hnjnjniouinio.-iuilnooot^iA <o 
ujLf>n«i)u>rur-^rT«-'>rri»-«o»a)c«i^fu«>ni/>«» n 

t-«no>mnr^oia»(un<ru>u>r^r^OBO»o»««»d •»< _< 
X  • V T^'Y'«-Lnu>Lntr>miflif>imou>u)W(o«oo«a to n.   ......  ........... •    . 

I nnrnrof^nnnnmoni*>f*jc*jc^i*Ji^ en r*i 
I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I I     I 
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<rnoo-»vof^w^r^-^-«---<u>-»aio<anjmu»<o»-< 

cr   "1^cor^fUC»!^U)U)**Df^c*>najajfufUfuaicu 
lu tn cu <-•-r^ 

in 

'->mu>sr>vcnu>inu>r^o»u>far>'^'r4niu>ok'V^ 

■r-lC^-r-l   I     I     I     I    • 
I   I   I 

I   I   I   I   I ■    III! 

•-•r^'«-ru>-«r-ujU)U>ujr^»\ii^«Boo<»u>^-^t^'^r- 
ccLonjonjoinir^iocnruoo'^ajpkooutn'^orora 
^.   ................... 

in 
cn'v«-icm^r^9ajo*4DOf^c*>iAtt-«-CDr-otr*>^ 

0 r-m i/> Ti/i oj <s> CF»-rt en ii> uj "-• o inin in ■^ ■«-r^ « 
ob«rtuo^I)mI^lnr^^^-^^ru^Dl^«»cxlcvlcoc»■«■cu'r 
ujr»onc»6>ooonoo-.-<oooo®'«-<s>uDr>ooor-«mn 
tou_o>n^-^mcKcv.r-i®oor^r-u)<OLnmin'^"^'^'^ 

^j  
tr <r O) ■^ u> o cvj »-•-^ .-• ••-• i   i   i   i   i   i   i   i   i   i   i   i 
lU       -V ^4   I     I     I     I     I     I     I 
a.      I   I 
(/I 
ui 
1 ooicxicwrr* .-inoifvjtnuje^oruoujmr-uj® 
o o> 00 u) .rf m dm uj in ru n 00 u> r^ en lu r^ en o» CD "T 
z^ir>-^ujf^-«-Tr^—•tocuoo^-r^ooinnoooinn-^ 
•-•0'^'<rocoi^uiininn-Tnnnrxifuruaj^-<.<»-i 

3  
O 
cu 

fU »-« --* 

^tn'^cunif^ruoo.^a>u>cD4>ou>oomm-.-«'^<s 
—)[^u)t^Lna](7>De»'^mr^njc)»«or>>4V<D>-t»i>4 
i>tnr^c^njomLn'CP)rU''^*-4 9<99<9c&9^^^ 

I   I   I   I 

-^r*ir^io^.-*«-tOkOioo9CO'.H'«~u)'^oor^coc*t<ft 
oornajr^c»r^(*iTe&cA*4C*)oocno»uii*iv-«Okooc^ 

•-•<»in<»-<OD-<oomc»ioo»i^m'*nj-<«o»e^u>u> 

I   I I I   I  I   I I   I   I 

uV'.^ciooocni^inintTi-^fVj'^t^^aicncnoooocTHo 
ii„     00 m n ixnD "^ rvj 00 •-• <u--<-^ ^^ cs in-^ oo ■^ CT^ r^ 
Oi«!ooaj^r-<7><s>int^ininoorur^c^c7>ion—•cnr^in 

niovnin-^-T .-•ooujin^'nrnfXI'XJ—•—•—• —IG>^^ 
>u.  
I—.J —< 1^ n oi T-<-< •-• «in 
<j 
o 

oinina»r)n^(^moo*r-niu>ooa»«»9oafs 
~->'«-s>-<oo'«-co'<minuir-iigci»o»otot«B(Da>o»ai 
X'^uic^i^oooDO>a>o>o»c»ooto>ac»9^«»c»Ok 

(Timor-uioo<t]'«'tnajuir--'^vcmnoQru-«-inai 
-•cnoi—•m.-«—•oininoo-roninooruooT-r^cn 
u>o>r-<ooomr»>u)m.-<cnooi^u3in*-«'nmnru 

•vfm—4CHmr-r-iotDio<oinininmmmininininin 

o 
li- 

eu 
;i "-t --« I I I I I I I I I I 

'«--• u>-«-00 r-to <-• nj ni ni n to ni 9'^ w to ca lo w 
to in o to in nj t^-^ n-r-v-n wo to air-n)«D An 

•-<m<smmr-o><i>nin^ioior-r^moii>«9<-*x 
X  •'v«-'<r>r'Ytnu>intAiou>ioiAtou>u>tatt«s«D (^•••••••••••••••••••« 

I   I   I   I   I   I   I  I  I   I  I   t  I  I  I   •   I   I   •   • 
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<r'-<'r-«tn'TC»tnmt^-«---ioo«ir^-«-r>»-,_o»T<B«» 

^ *«>^t^r^ <sujn T^o00001^«nnu>u>u>muiin 
u> nj (o m ni nj'^4 .^ ^ ,4 

00 
►, ? 2 3? J2 3! £2 "* "^ ** o* ■*" f^ ® 00 <T'" ni«■«■ »< r- 

<i:-V u> ui ^ (jD en lo CD n s ■«-c» in cu o» r-u> n ru ..-t «> 
• ^ ru a ru 00 ui in n n nj-r^ ^-4 o ^ 9 ^ «><a S at 

mt^rt'-'-^ I  I   I  t  I   I  t  I  I  I I  I   I  I   I 

c»uj-<r^r)uioirnu]u>inoau><oin<3>aar~<90k«> 
•-jonnmTi^—iranj-rru-^tuooooo—to^o^t 
<rcumG»aj-roo-^t^oi»mocD(ur-rjc»c>-ini»itu.r< 

•oo-^-^-^ajmajoofcoor-r^tnuJininininmio 
'VCBmc»if\j--»-^*^»H 

▼ —•U!C»mo-<nj'rr^<ou»miT»<oi^iDCOU>in 
^"'"▼oxnr-r-cur^oxor-'rtr-inT-^ini^cBoain 
ooauicAmino3(noa'v-^oaujn«-iO»r~m(*>^-tCdco 
«   • or-<X>inT'rnnr>cu(Unjru■»-•-< —«»-#.-t■«<» 

I   I   I   I   I 

a 

o M ^ ru T-« 00 la ru 00 ex «-^ r^ at .-I-^ (o ^^ 1^ ,-1C) (u in 
ovf»«mr-(U-<—<nnj'«-(\i®c»(o<BinooT-<r^»-<^ 
UjriMOk<Dmc^u>rnr-r^oDu3ooLninu]cn^^cDui^-nj 
«nu-*»'«^f^uin<Bamonicnc^in'rf^nj—•—••-<ofl»^ 
or <i »«in nj i^ in ^ n nj ni. 
uj     **ru'^ I   I   I   I   I   I 

«> 
ui 
X infnnco<ao^^Lno>cnmo>®<oo3nmo<oG>o 
o 00 00 en r-in ■^ ■* ▼ 00 fi in fu in o 00 o>-^ in OT u> ■-< 
z :«rooajcn o-nr^iof^ en f^c^fui^n 00-V-^1^0001^ 
•-•nuj^inn—ienoor-uJtDinm-^-mnnrucuaj»-i 
^    nnj •-• -^ -H 
CM 

Ohoa(xjooinmoo«-4r^f*)OfuiA^m€oc^r-i9n9m 
-^ (XI'^ CO r~ CO T-o> ^ u> in u> a m a* in (w <9-^ (u na 
30Q-'4eD00f*l9r^<D'YPinj-r4«-i9«S94a99O<D 

I   I   I   I 

coooTC&r-<Dvnr-x"C3»^*-«?ntQf^ine3mii> 
aio-«-tfloin-^njeo-reoor-in-«--«-Laf^c»rjiij 

»-<u)03maj-«-r^njoa-r^oau]n—•otr-mD'^otz) 
o   • n r-lo in-v^ en m n fu oi oj nj >-•-^->-•-M'^'^ <3 

I   I   I   I   I   I   I   I   I   I   I   I t   I   I   I   I   I 

o w 
nj 

>u. 

o 
o 

•^oiinen'^iij-^inoomi^in'r'^ncaajm'^'^-r- 
"rinmooooinooio-r-tujc^ru—'OOOT—«—<oo—<oocn 
r-r-r-ooiDcD--iC\jTnjinaj-«.-int^,-<Ln'^a3<\j 
c»TcnoorT>rcninnjooat^a)LnTnr^(Viru.-<»-t 

I-^ U3 r-▼ en oj—•—•■.-< »-• 

en 
ointno>nn-^r-mocii^ruoc30»oo^cac* 

TTO—ioo^oO'-^nLr>'j3r-c3cjic3c;50«oooc»c» 
X^tor-r-oooocncj>c?>ocDCJ>c>)cao»o»<»«><»C3c» 

•T ■•"■«--*--r'«--«--«-T-r-«-T'r-«-Tininw^'V 

e^-Htnin-^T- '^■mnjaaooo*^ —icnr-romr-ruoo 
r-onr7»nior)r-r-<smnjr-r-cnenc\ioj"T(^*-«r-n 
r-m<or7tr-mnc7»mojcnr-mTmfU'-<ocjtnoi 

*r-r- t-oi-H^iarjcncncnoooaoooooooaoooocxir-r^ 
JOI- --• ^ ^^ ^^ ^4 I 

I   I   I   I   I 
I   I   I   I   I   I   I I   I   I 

O      fU 

ujinnujinair—■n'«-^r7»-icsonit^rj'jOc>n 
•-<noninr-CTorun"rLT*ar-r-caaicn«">«'*»^-^ 
X   ••T-r^T-T-u'JUiLnLnmLni.TLnininuxiJ'JOtj 

n  
I mnnnmfnnncnmnn(^nrnnnnnr» 

I   i   I   I   I   <   t   I   I   I   I   I   I   I   I   I   I   I   I   I 
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<i:Lf>--trur-oG>'mii>c»o»r>^.^rjr^fU03i/>fu^ 

o------  
o (^'^ u) TO cu lu ni T^'T^ >-•'T^ .r^ ^r^ ^ w 

CO 
in'YOi^-«c^r^cuui'<rakc\j«^r^i^c»ru<&PY''^akCQ 

*~>(\j<9fuc\i(iia3P>'>-4^G>uxocn'YU)i/>-^ruooc^«-« 

• u>ciO'«~aii/>'-<G»c^u>'mnini^—aoxB^^A 
r^  . 
Li> ru in n nj-^ ■--* i   i   i   i   i   i   i   i   i   i   i   i   i   i 
I '^ I   I   I   I   I 

I 

CB 

*ajuifi>mrnr-a]Oir^i/>rnru*^--«9<do»c»o»ab 

ECU  

a 
■ZL 
o ♦♦ CO —.u) Oku)or-nr--< T infu 6>oc»uju>«»<B 
Ob^*»o<u—•c»i<s>oo--<'»cno»<x)ooo<s>i7)cnr^i^.-iu) 
ujn*<c\iooru-»c\j-«-in^c\jncucx)<s>inrucnme»m'-< 
«nii.*<nc7>u)incur^r^oin—tcoin-«TU.-«®(7)00C3O00 .JM  
cc<r*nft-<c»ic»t^in-^^cnfnajrururur\ifU'^-.-».^'.-t 
bLi M-«-cu-r-< I I I I I I I I I I I I I I I I I 
Q.       Mill 

u> 
tJ 
X <B r--T ra t^ c^ cu r^ 00 T <s rrv —< in r^ n CD T en ® 
o ooc^njfntDcocurU'^'r r^r^m^ minmujoimoo 
2:b<?^nrT«-coc7>innc^^<X)t7>nr^»-nD—«u>.-<i^c\j 
»-«nc7><».^r--<-cU'^s>c»oor-u)u>inin'*^ncnruc\j 

3 • 
O     ■^njcu.-*-»-«--<-"-«.-« 

in 
CA^cx^r^'^^rmcU'.4.^u>^Q>f*kr^oc3bCX]CA«^ 

■-1 in D'«-9 T o u>-^ CXI 1^ ID in CO cu r-ci <^ (B cu cu ci 
^^r^inLnu>oomcdoocOYC*>cu-^.^9<&^^^^9 

• inc^fXJ .-<.-« v44&G>9 AC&^9 A<I><9^CB<D9 

I   I   I   I 

in 
oouj-v-cuscucuar^uiar^cucn-^oaumt^am 
u>u>inin9'Yu>a'^Ck.-iC^(Xiu>oru(^c<iCkum 

»-• .^ 9 a> r> (u ro (o 9 (o •^ 00 ■«-.H CO m ro <o oo u>n >-• 
:>  -cn<9oac^uiinin^'«'ncncnn]c\)cucU''<^-<«« 

cu  
I  ^.-a  I    I    I    I    I    I    I    I    I    I    I    I   I    I    I    I    I    I 

I   I 

ocn-^moocaocouiincD-^rcTXDoinnnru'rin 
lA-     ■♦ fuin—«p-oo^mr--^ T ■^ iD'^ .-4ono>inc»^ 
o^incwr-cncD'-^-^.^ocucuoooorucDinmLnf^CJicn 

ojcnnj^u)t7>'*'rr^ruooinruoa>r-u)in'mfutu >u.  
i-.jr-c7i^oain^mcuaj.-<--<'rt«-i 
•-• <l cvi cu-^ 
o     •^ 
o 
_■ 
Id 
.>     cninoo'>rcutBcuoocj)^w«-cueou)or^-<roieBin 

rnr o»en ■—Imn^oor-efttjo«J3Qc^inui00cmx> 
ochinnir-€ijcoruf^rnc?nn'«-ru-^C7>oor^a)^flin 

'.:r cnrhr-in^mnnjcu.^—•■^.-•.^G>oc&^<»o 
ni  

~ I I I I I t I I I I I I I I I I I I I I I 

CTk 
OLninamr>^r-ma»o>t>-cu(otoc»o»<DC»aa 

'->'^«B.-icn-«-oa'>^cninu>r^cocnaac»«»Q>9a»c» 
x-ru>r-c^ooincKotc»aao>oo»c»c»«<9(»o>ak 

o cu 
a. '^.-•u>'«-oat^u>'.4Cucucu(nuicu<»'^(ninooiAW 

u> in m u> in cu r^ "4 en-v^ r^ w ca (D tu 1^ cu (fi 9 n 
r-< en s cnin IN (7t 9 cu m-«-to ui r^ r-to oi Ob 9 9''« »4 
X  •'v«-'«--«-'«'tniniAiniAinininintAU>aiw«B<a 

en  
I en en en en en en en en en en en en en en en en en en en f*> 
iiiiiiiiiiiiiiiiiiil 
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•r-t fj r-t-w-t 

^ CK'j r^-■ (ij ca 00 00-r <»-^ o t^ in tjumu r-o» i»-I 
<C'r-iCAu>fn(uoi-«-oo»u>co-«-njr>iAo»-«-c»u>(u<s 

• Ln <9 rn u>-«-cx>-«-Q> 00 (o in-«-n fu-•'««»<» o S 
o> n en in m oj ^^ «-«*4 i i I i 
I -^ I I I I I I I I I I I 

<S'Ycnu><9r-oarur~Ln<9rir>air>.Hr>o>n^fn 
•-*—•"«"^—•oou3—<-^<s>nj|TiTwnj-<»<ooo»ni^€]» 
<ru)if)—<—•CTirunjnTr-c»r^<»u)mu»oonioo'»«-« 

•—•<s>u>r^rutui/)oujn»-ts>oor^u>ij>iD^^'* 
njcDL/>cAU)Ln'«-cncnrurucuru* 
—•n—• 

en u> r-n cu r^'-I'^-«-CO-«-00 ot 00 <9 •« IB-^ «o CO uk 
z>r^majc»(7>'r^e>innir-a>u>Lnoo'«''^o»c»o»<Bm 
C3coi>naiai.rtru-«-Dorur^nc»u>cuc»u>cuo»t^'*- 
■^   -r^noenoor^ujmm ■r-mnncufucu--•■«»< <r 

o ♦« 00 ▼ t^ r^ ni cu uj r\i 00 oo miD n r^ <a o r^ CO-< U) 
ow^^mcnci-r-ffu-^-^cnmoto-* omoooooo-^ajr^ 
ujrY-K'r-«i/)C3ocxjoooofXj-^^o»*-«^u>»^ajc^Ln(xicnm 
mu.*#oonfxj<*fucn'«'fmnoo-^or^mm''-*oo*oooo 
ir<rM®'^--»'^w-*oor-u)m'' 
Lu     Mr-mru—t.^ i   i   i   i 
O-      *» I    I    I    I    I 

Ul 

nnnnpinjoioj 
I   I   I   I   I   I   I   I 

I     to-r^ m r-■«r T oj Co 00 in CO (jD r^ uj---I nj'-^ m n ID c» 
t^(^mi7»cx>nio<»-^i/>oo.^.^i^ooruc?>coc»>-^'* 

v:'r-»u)l^innjTCT>iDmu>f^C7)--<^co—•Lf>t7>T00 
- CO u> T ru-^ G» cr> 001^ r^ u) ui Lo "^ m n cvi 

z: 
►-•m-^inifl 

3 
o     m n fu nj •-•*-«-r-f-T-t «~f,-« 
m 

oiDusG^oorxj^ncooko^m^-^ujcucur-wck 
T«"-^fnno>'«"n»-"t^oor>rutumai^-<-<nn»»cn ^▼o)'*-—•ni^no»r^m-«-cji\i.-«<»<&®^«a>^ 

9mr^G*-«oar^pia]m'«~u>rumakom-'409CO'v 
■^nu)^oajc^r^r^Tt^'^moor)»-«c»o»o»<Bai 

i-ir^mmTedcnocnr^fur-Dotmmoktoaiotr^'V 
^ •u)n]cs>otc^i^uimm^<«-Dnr>iuru(U«-<'-4.4i 

f\j •"•■•••♦•••••«•••»•» 
I ^^^ I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I 

aimu>ruc»>»(vl'«--«-r^aioon<s>nLnmu>nc»ru 
li     oo en CO o Ul T CO ® CF» ^ oj ID DO <v o a> "«■ r-u) r-^ 
r^vrnjiD -^ oomoiu-*" -^LnooocT) t rum<D-^ooujiD 
_ ojc»r-'^innc»ofu-^ooro<s><i)'<rnj<s>oor^in'«-n 
-^1*-   •••••••••••»••••••••• 
I-—icftmrumoujin-mrvjoicU'^ »<-<-< •-• t o ▼oi—• 
o     -^ 
o 
•J 
Ul 
:»     <nwoonioiooo»r-'^-«-r^ooinrvjcU'-^i/>-^r--< 

o*u>c7»«» '^0(7tc&ooooio<-iruoooo*^c^Lniiioam 
niCTi^uitunjfyjmcofnoiDfnooor-m^majaj 

■^•tpoT—•o»oor^»DLnm^'v^'^rnnfnmnnn 

<   I   ■<<   I   I   I   I   I   I   I   I   I    I   I   I   I   I    I   I 

Q> m m 17) ro n'«-r-m Ok o> r^ (u (o oo Ok <D <o <s A 09 
T^<&-r-<covoo-<n>mtDr-ooo»o»o»o»o€E>oo»o6 
XTior^r-cooacxotoiootaaotototcsosata* 

o    ru 
Q.     'r'^u]^oor^U)'^ainjniD(onjS'-4«DiAoaif>tp 

*-tm9mmr^c7)^f\]ro'Ymti>r^r~oaoioka»o«-4«4 
X   •▼▼ "T■•■▼mmminmmmminuimoDtstocB en   "■•••••••••••••••••• 

I ncntnonnnmnmnnnmonmcnc^en 
I    I    I    I    I    I    I    I    I    I    I    I    I    I    0    I    I    I    I    I 
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APPENDIX  D 

DRAWINGS 
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APPLICATION REVISIONS 
NEXT ASSY USED ON SYM DESCRIPTION DATE APPROVAL 

83F 47C 

SOU/^CF   CONTROL D^C 
PART NO.   8:?/=^<=f- r/ 

ORIGINAL DATE OF  DRAWING 

09- 30-S3 
U S ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND 

DOVER. NEW JERSEY 07801 
DRAFTSMAN 

ENGR 

ENGR 

CHECKER 

ENGR CVL/NOFF   A/yDRf)UL/C 
ENGR 

SIZE 

A 

CODE IDENT NO. 

19200 
SCALE 

&J/^^T/ 
UNIT WT SHEET 

ARRADCOM FORM 65   JUN 78 REPLACES SARPA FORM 1038 OCT 75 WHICH IS OBSOLETL 

Figure D-1.  Hydraulic cylinder 
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APPLICATION 
! NEXT ASSY USED ON 

1 
REVISIONS 

SYM DESCRIPTION 

i3F470 
DATE APPROVAL 

./90   ("rvo ,/o) 32    L/A/^'^/^   y    ^ //2   z^. 

^OU^C£' 

~^OU^C£'    COA/T/^Ol    Py^/^A//A/^ 

PART NO.  &jf)^77 
ORIGINAL DATE  OF  DRAWING 

<S' 3' - /o - J27 
DRAFTSMAN 

ENGR 

ENGR 

CHECKER 

ENGR 

ENGR 

U S ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND 

DOVER, NEW JERSEY 07801 

SC/?F/^/,^OC/<^r//£7?D a^p 
SIZE 

A 
CODE IDENT NO. 

19200 83/^^77 
SCALE UNIT WT SHEET 

•ORADCOM FORM 65   JUN 78 REPLACES SARPA FORM 1038 OCT 75 WHICH IS OBSOLETE 

Figure D-2.  Socket head cap screw 

78 



i 

2 
K 
ir 
to 

UJ 

< 
a 
o 

Q 
UJ o o < 

UJ 
a 

m 

® 

ii 

z 
^ 1 

CM 
1 1 

Q 

Q 

CM 
O 
Q 
O 
CD 

in 
o 
Q 

1 
O 

tn 
O 
Q 
1 
O o 
CM 

O 

Q 

O o Q 
do 
CM 

O 
q 

1 

CD 

O 
Q 

I 

O 
Q 

o 
Q 

1 
O 
to 
Q 
OJ 

iT) 
O 
Q 

1 
O 
CD 
Q 

< 

Q 

Q 
1 

CD 

9 
ih 

CO 

9 
CD 
rO 

I 
I 

Si 
(Vl 

■»?   \>-"   'o 

_J 
CD 
< 

LU 
UJ 
C/) 

a 
S 

2 

& 
S 

5° 
0. 

B 
s 

I- 
< 
Q- 

§o 

rO 
is 00 

I 
T 

So 

S 

a 

<r 
o 
en 
oo 
u 
0) 

ex 

•H 

CO 
I 

O 

u 

•H 

T 

• 



o i 
■i. 

33 

< 
rl 

Ui 
_l 
O 
X 

o 
I/) 
< 
Of 
o 
z 

3: 

O 

H 

h ® 
0 n <t 

• •^ 
1 ^.-^ 
^ y 

^ ± 

(5) 
^ <J3 

1 Q 
h*   V, * 

^ 

s 
^ 

3 

I 
1' 

"I 

i 
f 

I 

I • -<—V|    - 

I 

v^ «a 5 
1 0 
^ ' 1 

Q 
^ ^ 1 

(g) 
<J 

(D 
^ <^ 

0 N 
0 0 
■V 0 
OJ 

lO t 
^ 

® 

m 

0 
> 

SI 

~-' ni Vj        ^\Q 

ro 
CO 

I- 
< a. 

Si 

I-1 

u 

8 

I 0 

ii 

H 
si 

CO 

Q   CN 

8 ■" 

^o 

5 
i 

o 
CO 

u 
0) 

e 
c 
4-) 

o 
u 
o 

c 
c 
o 
a 
QJ 

O 

I 
Q 

0) 
u 

•H 

33 
T 



1 </) 

8.< 
1 

to 
OC UJ 

Ovl CM 

< 
I 

z 
o 

u 
UJ 

—-X 

M 

z 
y 
o 

1^ 
Z IJ^ !;; 
si 3 ^ A 

(^ a ^ Q 
^■ Ss ro 
T :^ cc vXI 

f"l '? LLl 

r< 1 
»:■ 

o 
2 ^JU 

d z 
Ix. ?    Q 

t 

GC < 
z 

§2: _ 

< 
Q- 

ec 

3 a a 

¥ 
1 « 
O 5 ^ 
°   -iJ w 

a 0 
^ "Q 

tr n 
t    a: 
i i i 

O s- 
^ 0 5       ( < 

"   z     •>    3 

3 

H
E

R
W

IS
E

 

S
 
M

E
 

1 

O
C

C
IM

A
l 

t~ s s : 
^ as » « 
S 

6 I 

^S 
B 5 
3 0. 

a. «  3 <      I          X 
*"  *~   w 

s 
i!l 

$ 
o 1 
» a 
u.  < 

S| 

CVJ 
lO 

t 

00 
C\J 

o .a: 

5i 
y^' 

u. o 

<^CV1 

UJUJ 

^^ 

00 ^ 

2 '^ 

?- >- UJ 

z- 
<x 

.. ^z 
i",  l/)Ll- 

tr 

-iQ."- 

UJ z ? 
H-cruj u. 
< o z> .. 

UJ    rZ 

X 

o 
X 
Q 
I 

-; z5 

I 
I/) 

So- 

■JU-'UJ 
<UJCC 
—    h- 
CKuJ 

< auj 
50X 

cc^z 
< _l< 

< <B 
UJUJ< 

CQCDO 

Q n 
CO 

u 
0) 

S 
3 

^-1 

1-1 
0) 
bO 
C 

•H 

I 
Q 

0) 
U 

60 
•H 

en 
00 

o 
z 

jiO     ^ ifi  U)l^' 



R 

2 < 
! Q 

d z 

< a. 

si 
a Z 
a u{ 
i* «8i 

LLI 

:^ 
O 
>- 

Q 

CO 

i8 

te as i 

Q 
CO 
00 

u 

u 

ex 

(U 

o 

1 
Q 

0) 
M 

60 

in 
00 

• 2 UJ 
<^ » ^- LUtD < 

■* — — 

_ to UJ 

I-   —"oj ro 
O 

CD 

<       O 

(- rO rO 
;CD rO 

OJ  I 

CL CD U. 
l/J (D 

o g in 
z 

cr 
n 

< 
I u. 

Ul 

2 
< 
UJ 

> 
1- 

T 
1- o 

UJ 

o' 55 
UJ a 

UJ X Q. 

^T '^ 

1 



i m 

I 

J 

^ 

< 
CM 
O 
o 

t 

0
-.

0
0

5
 

1 
< 
_L 

00 
CO 

t 
O 
O 
in 

rO 

CO 

i 

u T 

T 
CO 
o 
q 
r 
o 
00 

CO 

CJ 
rO 
00 

CC 
< 
Q. 

O 

to 
LU 

_J 
Q. a < 
CO 
CO 
en 

I- -i^   . 
< xinct: 

UJ    ~ 
UJ 

LlJ^ 

CO CO 
LU 2 
I- < 
o -• 

CO _| 

COO V^ 

—' CCUJoj^ 
< OQ- - 

LD OU- <^ 
H _jO 5 

co rO" 

I 

S CO 

i = 
S 

Q 

IjJ 

C/) 
O 
CL 

CM 

o 
rO 
CO 

is 

lO 

CM 

u 
rn 
CO 

!-i 

ft 

CO 
O 

w 

I 
Q 

0) 

60 
•H 

00 

8 2 
5 5 

PO 

■i- 

U. 

CD 



Q 

(t) 

d z 

< a. 

a 

li 
5 5 

3 Si 

o 

LU 

O 

cn 
o 
Q_ 

Q 
rO 
00 

18 

SO 

tea s i 

s 

in 

X 
CVJ 
Q 
+ 
CO 

rO 
O 

•—. 
4-1 

•in Q: 
t LU 
X li. 

S 5 < 
X 

.1
2 o 

Q 

Si 

+1 
•in 
•<t 
X 

CM 
Q 
+ 

O 

o —• 
z 

5i 
Q: in 
o < 

I- Q. 
< ID     , 

LU  ^   _I 
H 3 -J 
l/J „  < 

-I 2^ 
1-1" 
CC I  I 
UJ (j </5 
!5 u: z 
2 UJ u. 

a 
CO 
00 

M 
dJ 

43 

CO 
o a. 
u 
0) 

■u 
C 
(U 

00 
I 

Q 

(U 
H 
3 
60 
•H 

00 



19 

I 
0 

Is? 
^5^  Re 

-0$ 

^N   "> 

d z 

< a. 

3 
M 

s a. 
a K 

IS 

3s 

I 8 

SO 

t:cas i 

o 
CO 
00 

M 

JJ 
n) 

a. 
00 
c 

•H 
+J 
c 
O 

1 « 
0) 
!-l 

bO 
•H 
fl4 



00 

a 
m 
'D 

d z 

2 

SI 
o Z 

LL) 
_J 
Q 
Q 
< 

CD 

a 

(0 

so 

»(! 3s i 

00 

<r 
Q n 
00 

M 
0) 

4-1 

■X} 

CO 

I 
a 

bO 
•H 

0^ 

0.1 

^3 

< 

.. 2 

ui _• 

O 
2 

-• 5'> 
'"    rO 

S. Ou. 

TTp 



i 
il 

8 III si 

>- 

w z cn- 
<5 < 

Q 
Q < 

0   « 

5 '^ 

r~ 

CO 
00 

yi 

c 

C 
•H 
Pi 

•H 

o 

CO 
CO 
CO 

cfl 
CO 

I 
o 
0) 
!-< 
3 
M) 
•H 

in 



di z; 

3 ^ 

en 

<!■ 

en 
00 

,n 
0 

(3 

4 

u 

II 
t C S3   i    i 

4-1 
U 
to 

(U 
a 

(U 
IS 

CO 
CO 
CO 

T3 

cyj 

I 
Q 

(U 
U 

60 
•H 

ON 



u 

r 

L. 

< 

V''\ r\ '/^""vi j—-^ 

1 '^ 'h.iM L^ 

^ 
/ '   \ V 

10 1 > « 
O >- 
8 

z in a III 

i < o 1, 

1 
r 
f 
L 
0 

is 
J, ifl" "      « 0=2 
(0 — 

in lO 

O 

z 

to 

a. 
1 

Z 
? 

ID 
2 
UJ 
U) 
1/5 
< 

1 

ii 
5 "- 

bi 
sfo 

tea: i 

o 

CO 

0) 

l-i 

§ 
CO 
CO 
CO 

•H 

o 

I 
Q 

M 

60 
•H 

ON 

i 



DISTRIBUTION LIST 

Commander 
Armament Research and Development Center 
U.S. Army Armament, Munitions and Chemical Command 
ATTN:  SMCAR-TSS (5) 

SMCAR-LC 
SMCAR-LCB 
SMCAR-LCE 
SMCAR-LCM 
SMCAR-LCN 
SMCAR-LCS 
SMCAR-LCU 
SMCAR-LCW (10) 

Dover, NJ 07801-5001 

Commander 

U.S. Army Armament, Munitions and Chemical Command 
ATTN:  AMSMC-GCL(D) 
Dover, NJ  07801-5001 

Administrator 
Defense Technical Information Center 
ATTN:  Accessions Division (12) 
Cameron Station 
Alexandria, VA 22314 

Director 
U.S. Army Materiel Systems Analysis Activity 
ATTN:  DRXSY-MP 
Aberdeen Proving Ground, MD  21005-5066 

Commander 
Chemical Research and Development Center 
U.S. Army Armament, Munitions and Chemical Command 
ATTN:  SMCCR-SPS-IL 
Aberdeen Proving Ground, MD  21010-5423 

Commander 
Chemical Research and Development Center 
U.S. Army Armament, Munitions and Chemical Command 
ATTN:  SMCCR-RSP-A 
Aberdeen Proving Ground, MD  21010-5423 

Director 
Ballistic Research Laboratory 
ATTN:  AMXBR-OD-ST 
Aberdeen Proving Ground, MD  21005-5066 

101 



Chief 

Benet Weapons Laboratory, LCWSL 
Armament Research and Development Center 
U.S. Army Armament, Munitions and Chemical Command 
ATTN:  SMCAR-LCB-TL 
Watervliet, NY  12189-5000 

Commander 

U.S. Army Armament, Munitions and Chemical Command 
ATTN:  AMSMC-LEP-L 
Rock Island, XL  61299-6000 

Director 

U.S. Army TRADOC Systems Analysis Activity 
ATTN:  ATAA-SL 
White Sands Missile Range, NM 88002 

Assistant Secretary of the Army 
Research and Development 

ATTN:  Department for Science and Technology 
The Pentagon 
Washington, DC  20315 

Commander 
U.S. Army Materiel Command 
ATTN:  AMC-SG 
5001 Eisenhower Avenue 
Alexandria, VA  22304 

Commander 
U.S. Army Electronics Command 
ATTN:  Technical Library 
Ft. Monmouth, NJ  07703 

Commander 

U.S. Army Mobility Equipment Research and Development Command 
ATTN:  Technical Library 
Ft. Belvoir, VA  22060 

Commander 

U.S. Army Tank-Automotive Research and Development Command 
ATTN:  Tech Library - DRSTA-TSL 
Warren, MI  48090 

Commander 
U.S. Military Academy 

ATTN:  CHMN, Mechanical Engineer Dept. 
West Point, NY  10996 

Commander 
U.S. Army Missile Command 
ATTN:  Documents Section, Bldg 4484 
Redstone Arsenal, AL  35898 

102 



Commander 
Rock Island Arsenal 
ATTN:  SMCRI-ENM (Mat Sci Dlv) 
Rock Island, IL  61299 

Commander 
HO, U.S. Army Aviation School 
ATTN:  Office of the Librarian 
Ft. Rucker, AL  36362 

Commander 
U.S. Array Foreign Science and Technology Center 
ATTN:  DRXST-SD 
220 7th Street, N.E. 
Charlottesville, VA 22901 

Commander 
U.S. Army Materials and Mechanics Research Center 
ATTN:  Technical Library, DRXMR-PL (2) 
Watertown, MA 02172 

Commander 
U.S. Army Research Office 
ATTN:  Chief IPO 
P.O. Box 12211 
Research Triangle Park, NC  27709 

Commander 
Harry Diamond Laboratories 
ATTN:  Technical Library 
2800 Powder Mill Road 
Adelphia, MD  20783 

Director 
U.S. Naval Research Laboratory 
ATTN:  Director, Mech Div 

Code 26-27 (DOC Library) 
Washington, DC  2037 5 

Mechanical Properties Data Center 
Battelle Columbus Laboratory 
505 King Avenue 
Columbus, OH 43201 

Commander 
Naval Surface Weapons Center 
ATTN:  Technical Library 

Code X212 
Dahlgren, VA 22448 

103 


